S U P P O R T I N G I N F O R M A T I O N
Additional supporting information may be found online in the Supporting Information section at the end of the article. improved diagnostics an important goal. Not all known potential allergens of wheat have been characterized so far and the prevalence of true wheat allergy is difficult to determine due to IgE crossreactivity with grass pollen allergens. 2 The wheat β-amylase (Tri a 17) has been found to bind IgE of wheat allergic patients, 3 but its structure and allergenic activity have not been studied. To evaluate its possible clinical relevance and to shed some light on its biochemical properties, we elucidated the three-dimensional structure, measured the enzymatic activity, IgEbinding capacity, and allergenic activity of the recombinant enzyme.
The β-amylases of crop plants like wheat, soy, or barley have been under investigation for decades and the presence of two general forms has been described. One protein isoform found in all parts of the plant, termed ubiquitous β-amylase, and one variant specific to the endosperm, featuring an elongated C-terminal tail region are known. To date, only the ubiquitous form of wheat β-amylase has been sequenced. 4 We screened a wheat seed cDNA library with serum IgE antibodies from patients suffering from wheat-induced food allergy and identified an IgE-reactive cDNA clone which was homologous to the barley endosperm β-amylase at its C-terminus and to the sequence of wheat ubiquitous β-amylase at its N-terminus.
We then expressed a recombinant protein consisting of the ubiquitous wheat β-amylase sequence fused with the recovered IgE-reactive C-terminus (named Tri a 17_clone) and the unaltered ubiquitous β-amylase (termed Tri a 17_inactive) both as inclusion bodies in Escherichia coli. A refolding attempt yielded soluble, yet misfolded and aggregated protein. However, we were able to optimize the expression conditions to obtain natively folded amylase (named Tri a 17_active) ( Figure S1 and S2 and the Methods section in this article's Online Repository).
The far-UV CD spectra of the inactive proteins indicate the presence of β-sheets and random coil signal, while Tri a 17_active exhibits the high α-helical content of a TIM-barrel ( Figure 1B ).
Purified Tri a 17_active crystallized readily and the structure was solved by X-ray crystallography to a resolution of 2 Å (PDB: 6GER).
The structure superimposes well with the previously published structure of barley β-amylase (rmsd = 0.62 Å when 442 of 486 Cα atoms are aligned with the PDB structure 2XFF 5 ), which was used as the template for molecular replacement.
The crystal structure of Tri a 17_active shows the same (β/α) 8 barrel architecture found for other plant and bacterial β-amylases ( Figure 1A ). Figure 1C shows the variation in the relative enzymatic activity of the β-amylase with respect to pH. The enzyme shows a tolerance for low pH, showing maximum activity at pH 5 and retaining over 80% of its maximum activity even at pH 4. However, at higher pH values, a marked decrease in activity is seen, with more than 50% activity lost at pH 8. In general, Tri a 17 is highly active in a wide range of acidic pH conditions (4.0-7.0), similar to other β-amylases, such as the major β-amylases of barley. Tri a 17_active was able to induce effector cell degranulation in basophil degranulation assays. Human FcεRI-expressing RBL cells were passively sensitized with sera from wheat food allergic patients which showed IgE reactivity to Tri a 17 (Figure 2A , Figure S3 ). Subsequent incubation with increasing concentrations of Tri a 17_active or wheat seed extract (WSE) showed release for both wheat food allergic patients tested ( Figure 2B ).
Within a barley kernel, β-amylases can reach 1%-2% of the total protein in the starchy endosperm. 6 Assuming similarly high expression in wheat, amylase concentrations that showed effector cell release
(1 μg/L) are likely to be found in all flour-containing foodstuffs.
The multiple sequence alignment of β-amylase showed that highly homologous proteins occur in various plant species ( Figure S2 in this article's Online Repository). Cross-reactive antigens were detected in rye, maize, oat, spelt, barley, soy, sunflower, and rice using rabbit sera.
The protein was detected in all processed cereal products (ie, Sixty patients with C1-INH-HAE from 16 distinct families were characterized based on mutations in SERPING1. Diagnosis was established according to consensus criteria (Data S1). 1 One of the families (Family 7) has been previously reported by our group; we provide follow-up information, including five new members with HAE-1. 8 Patients were divided into the following groups: group 1 comprising patients with deletion, insertion, duplication, or nonsense mutation and mutations affecting Arg466 at the reactive center (n = 48); and group 2 comprising patients with missense mutations, with the exception of mutations at Arg466 (n = 12). The rationale for dividing patients into these groups was the fact that mutations causing more profound alterations in the structure of the protein could lead to more severe disease, as previously reported. 6, 7 Genomic DNA was extracted from whole blood or oral mucosa material using the DNA Wizard Genomic DNA Purification Kit (Promega, Madison, WI). PCR was conducted using SERPING1 primers (Data S2, Table S1 ), and DNA sequences were analyzed using the 
